ABSTRACT
Recent studies have shown the importance of past demographic events in explaining current patterns of linkage disequilibrium (LD) (Slatkin, 1994; Nordborg and Tavare, 2002; Stumpf and Goldstein, 2003) . It seems therefore important to be able to simulate large genomic regions with complex patterns of recombination under realistic demographic models to get better insights about expected patterns of LD.
Here, we introduce a new version of a coalescentbased simulation software program , SIMCOAL2, which includes a number of new features, such as the possibility to simulate datasets with arbitrary recombination rates between partially linked loci. Unlike fast algorithms based on continuous-time approximations (Hudson, 2002; Posada and Wiuf, 2003) , SIMCOAL2 is based on a slower discrete-generation coalescent approach, which has several advantages: the possibility of multiple coalescent events per generation, as well as complex migration patterns and demographic scenarios (Leblois et al., 2003) . Note that the additional time needed for discrete-generation * To whom correspondence should be addressed.
simulation is unlikely to be critical, since the analysis of the simulated data often takes much longer than their generation (e.g. Beaumont et al., 2002) . Moreover, the simulation of discrete generations while allowing multiple defining events (such as coalescences, migrations or recombinations) per generation is identical to a reversed Wright-Fisher model, which may be more realistic than a standard coalescent model in some situations. For instance, Wakeley and Takahashi (2003) have shown that the distribution of the expected number of segregating sites under the reversed Wright-Fisher model in a large sample (relative to the effective size) can markedly differ from the prediction of the standard coalescent. On the other hand, the description of how to define subdivided populations, migration matrices and complex demographic histories incorporating historical events, such as admixture events, population splits or fusions, or sudden changes in deme size can be found at http://cmpg.unibe.ch/software/simcoal/, and has not changed since the last version.
Simulation or arbitrary patterns of recombination:
The main innovation of the current version is to allow the simulation of arbitrary patterns of recombination between loci, and thus the modelling of chromosomal segments with recombination rate heterogeneity or hot spots of recombination surveyed with single nucleotide polymorphisms (SNPs) or short tandem repeat (STR) (microsatellite) data, or a combination of different markers in arbitrary order. An example of an input file for the simulation of the genetic diversity of a chromosomal segment consisting of three blocks separated by two recombination hot spots, with 25 SNPs, 50 microsatellites and 25 SNPs in the three blocks respectively, can be downloaded at http://cmpg.unibe.ch/software/simcoal2/ Multiple coalescent, migration or recombination events per generation: The possibility of multiple migrations per generation was implemented in the previous version of the program, but multiple coalescent events and multiple recombinations per generation have now been introduced. Allowing multiple coalescent events is necessary under the discrete generation framework because the number of lineages to follow, say n, present at any generation in a given deme can increase dramatically under the effect of recombination. When the number of partially linked loci to simulate is large, this number n can indeed reach the same order of magnitude (or may be larger) than the deme size (N ), which violates the underlying assumption of the coalescent that n N . For instance, when we simulate 100 SNPs over 10 centimorgans (cM), the number of recombination events along a genealogy of 200 sampled genes can exceed 6000 in a diploid population of 1000 individuals, implying that the number of ancestral lineages segregating at a given past generation can be of the same magnitude than that of or even exceed the population size. Implementing multiple coalescent events per generation can also be useful in the absence of recombination, so as to simulate cases where n ∼ N , or even n > N, where N is considered as an effective size (Wakeley and Takahashi, 2003) , and to allow the simulation of multiple bifurcations or trifurcations or additional multifurcations of ancestral lineages.
Results checking: The consistency of the results has been checked against theoretical expectations in relatively simple cases compatible with the coalescent theory (n N ). In the simulation of the diversity of n = 200 genes typed at 11 loci distributed over 2.5 cM, the average T MRCA over 10 000 simulations ranged between 1.97 and 1.98, compared with the continuous time coalescent expectation of 2(1 − 1/n) = 1.99. The average number of recombination between two adjacent loci over 10 000 simulated coalescences of two lineages are equal to 0.87 for R = 4Nr = 1 and 5.67 for R = 100, compared with theoretical expectations [given by 6R/(R + 6) in equation 31 of Simonsen and Churchill (1997) ] of 0.86 and 5.66, respectively.
Simulated data types: By using SIMCOAL2, users can simulate restriction fragment length polymorphism (RFLP), STR, (microsatellites), DNA sequence, SNP markers or any combination of these types of markers over a chromosome segment, with arbitrary recombination rates (0 ≤ r ≤ 0.5) between adjacent loci. For SNP data, one can also define a minimum frequency for the minor allele such as to simulate one common source of ascertainment bias (see, e.g. Nielsen and Signorovitch, 2003) . SIMCOAL2 now also outputs genetic data in the form of diploid multilocus genotypes obtained under the assumption of Hardy-Weinberg equilibrium. More information about the mutation models implemented for DNA sequence and STR are described elsewhere .
Computation time and output formats: The speed of simulation with recombination is much slower than without recombination and will increase with sample size, effective population size, the number of loci and the total recombination rate. Large amounts of recombinations between markers are easily handled by the program, such as to allow the modelling of large segments (in recombination units) of chromosomes. SIMCOAL2 needs 15 min to simulate 10 000 samples of 100 diploid individuals (n = 200 and N = 1000) typed at 250 SNPs over a segment of 250 kb (assuming 1 cM = 1 Mb, and thus with total recombination rate R = 4Nr = 10 for the whole chromosome segment), and 2.5 h to simulate 10 000 samples of 250 microsatellite loci over 2.5 Mb (total recombination rate R = 100), using a Pentium IV (2.8 GHz) under Linux. For every simulation, SIMCOAL2 generates ARLEQUIN output files that can be used to estimate several summary statistics from the data. SIMCOAL2 can also produce coalescent trees for each non-recombining segment, or for each locus in a recombining chromosomal segment in the NEXUS format (Swofford, 1999) . These outputs can be used to visualize the shape of trees under different evolutionary scenarios, but these trees could also be used to compute some statistics, for instance, enabling the correction of SNP ascertainment bias due to small discovery panels (Nielsen and Signorovitch, 2003) .
Note that while SIMCOAL2 currently provides a very flexible way to perform realistic simulations of recombining segments of our genome, it could become part of a powerful estimation procedure for demographic parameters, migration or recombination rates, if coupled with important sampling techniques allowing approximate Bayesian computation (see, e.g. Beaumont et al., 2002) .
